This study describes procedures for constructing equal-loudness contours (ELCs) in units of phons from categorical loudness scaling (CLS) data and characterizes the impact of hearing loss on these estimates of loudness. Additionally, this study developed a metric, level-dependent loudness loss, which uses CLS data to specify the deviation from normal loudness perception at various loudness levels and as function of frequency for an individual listener with hearing loss. CLS measurements were made in 87 participants with hearing loss and 61 participants with normal hearing. An assessment of the reliability of CLS measurements was conducted on a subset of the data. CLS measurements were reliable. There was a systematic increase in the slope of the low-level segment of the CLS functions with increase in the degree of hearing loss. ELCs derived from CLS measurements were similar to standardized ELCs (International Organization for Standardization, ISO 226:2003). The presence of hearing loss decreased the vertical spacing of the ELCs, reflecting loudness recruitment and reduced cochlear compression. Representing CLS data in phons may lead to wider acceptance of CLS measurements. Like the audiogram that specifies hearing loss at threshold, level-dependent loudness loss describes deficit for suprathreshold sounds. Such information may have implications for the fitting of hearing aids.
I. INTRODUCTION
One factor that influences satisfaction with hearing aids for individuals with sensorineural hearing loss is the percept of loudness (e.g., Shi et al., 2007; Blamey and Martin, 2009) . Although current hearing-aid fitting strategies consider loudness perception in the prescription of gain, they typically do not use individual loudness measurements obtained across the dynamic range of hearing to set gain as a function of input level. Instead, models of loudness are used, in part, because of the difficulty in making reliable loudness measurements and the time and training such measurements require. Categorical loudness scaling (CLS) potentially circumvents these problems; however, CLS has been criticized because of continuing concerns related to the reliability of the measurements and because it uses arbitrary ordinal units [categorical units (CUs) ] that are difficult to relate to standard units of loudness (sones) or loudness level (phons). The aims of this study were to (1) further asses the reliability of CLS measurements, (2) describe procedures for expressing CLS data that have been measured in CUs as loudness level in units of phons, (3) construct equal-loudness contours (ELCs), (4) characterize the impact of hearing loss on ELCs derived from CLS measurements, and (5) present an approach that uses CLS data to specify the deviation in dB from normal loudness perception at various loudness levels for an individual with hearing loss. Representing CLS data in phons may lead to a wider acceptance of CLS measurements. The deficit from normal loudness perception for suprathreshold sounds, which we refer to as level-dependent loudness loss, may have implications for the fitting of hearing aids. This study extends previous studies by including a greater number of participants and a larger set of stimulus frequencies.
Loudness is defined as a listener's subjective response to the intensity of a sound (Scharf, 1978) . The sensation of loudness primarily depends on the physical intensity of a sound [i.e., sound pressure level (SPL)]. However, loudness has been shown to also depend on the spectral (e.g., Garnier et al., 2000; Anweiler and Verhey, 2006; Leibold et al., 2007) and temporal (e.g., Zwislocki, 1969; Florentine et al., 1996; Garnier et al., 1999a) properties of a sound, as well as other factors. Several psychoacoustic procedures have been developed to measure loudness. Traditional methods include magnitude estimation, magnitude production, and crossmodality matching (e.g., Marks and Florentine, 2011) . In magnitude estimation, the listener's task is to rate perceived loudness using a continuous and unbounded scale. In magnitude production, the listener's task is to adjust the intensity of a sound to achieve a loudness perception that is proportional to a specific number. Cross-modality matching is a process by which a listener adjusts the magnitude of a physical quantity, such as string length or the brightness of a light, to match the loudness of a sound. When well designed, these methods can provide data that satisfy desirable properties of loudness measurement, such as internal consistency and transitivity of loudness scales (e.g., Marks and Florentine, 2011) . However, these measurements are not appropriate for clinical application as they are time consuming, require extensive training, and may not be reproducible in individual listeners across test sessions. CLS may circumvent some of these problems, in that CLS (1) is easy to perform and relates to a listener's experience and informal descriptions of his or her loudness percepts, (2) requires minimal training, (3) is reliable, and (4) requires an amount of time that might be acceptable clinically (Allen et al., 1990; Brand and Hohmann, 2002; Al-Salim et al., 2010; Oetting et al., 2014) . These attributes may make CLS more attractive for clinical applications, compared to traditional methods for measuring loudness. In CLS, signals of different intensities (bounded between just above threshold and uncomfortably loud) are presented to a listener who is asked to rate the loudness of each signal using a series of loudness categories [e.g., Allen et al., 1990; Brand and Hohmann, 2002 ; International Organization for Standardization (ISO), 2006; Al-Salim et al., 2010] . The loudness categories are usually assigned meaningful descriptors, such as "very soft," "medium," and "very loud."
Despite its advantages, CLS has not been widely accepted for clinical applications, in part, because of concerns related to the reliability of the measurements (e.g., Elberling, 1999) , its use of arbitrary units (CUs) that do not relate to standard units of loudness or loudness level, its use of bounded categories and its underestimation of the slope of loudness growth (Hellman, 1999) . Another criticism is that CLS lacks the properties of a ratio scale (Stevens, 1946) , i.e., it does not quantify how much louder one sound is compared to another; it only provides information regarding the ranking of sounds from softest to loudest. While previous studies have demonstrated the reliability of CLS measurements (e.g., Robinson and Gatehouse, 1996; Cox et al., 1997; Rasmussen et al., 1998; Al-Salim et al., 2010) , these studies focused on group data, instead of data from individual participants. And last, although several researchers have considered using CLS for fitting hearing aids, it remains unclear how these data should be incorporated into the fitting and, in cases where it is used, only limited benefit has been demonstrated (e.g., Cox, 1995; Ricketts, 1996) . Consequently, further evaluation of CLS measurements is required if they are going to be accepted for clinical use.
To address the above concerns, this study further assessed the reliability of CLS, i.e., the repeatability of measurements across test sessions, by comparing the similarity in the SPL required to elicit the same loudness judgment (i.e., CU) across two independent test sessions at the same test frequency. This assessment was done on an individual basis at more frequencies than has been done in previous studies (e.g., Robinson and Gatehouse, 1996; Cox et al., 1997; Rasmussen et al., 1998; Al-Salim et al., 2010) . Repeatability of CLS measurements on an individual basis is important if the measurements are to be adopted for clinical use.
This study also describes a procedure for converting CLS data from loudness in CUs to loudness level in phons. The phon scale is the ISO standard unit of loudness level for pure tones and is defined in terms of the SPL of a frontally incident 1-kHz tone (ISO, 2003) . A tone of any frequency is said to have a loudness level of N phons if it is perceived by a listener with normal hearing to be as loud as a 1-kHz tone at N dB SPL (where N phons and N dB SPL are equal). We use this relationship to transform loudness in CUs to loudness level in phons by viewing CLS as a loudness-matching procedure. Having CLS data, converted to phons, for a wide range of frequencies allows for the construction of ELCs. ELCs are functions in the SPL/frequency domain that connect points whose coordinates represent pure tones judged to be equally loud (ISO, 2003) . Our technique for conversion of CLS data to phons and construction of ELCs for participants with normal hearing is similar to the procedure used by Heeren et al. (2013) . Constructing ELCs allows for a comparison of CLS data to loudness level measured using traditional loudness-matching methods (e.g., ISO, 2003; Suzuki and Takeshima, 2004) .
The effects of hearing loss on CLS measurements have been described previously (e.g., Ricketts and Bentler, 1996; Brand and Hohmann, 2001; Al-Salim et al., 2010) . In the present study, we expand this characterization in two ways. First, we measured CLS functions in a large group of individuals with normal hearing and with mild-to-severe hearing loss across a wide range of frequencies. Just as CLS data are used to construct ELCs for participants with normal hearing, CLS functions for listeners with hearing loss are used to construct ELCs, which allows for a description of the ways in which ELCs are affected by hearing loss. Second, we describe an approach for characterizing the deviation from normal loudness for individual listeners with hearing loss. This level-dependent loudness loss describes the suprathreshold consequences of hearing loss in a level-dependent manner and may inform loudness-based fittings of hearing aids.
Listeners with sensorineural hearing loss typically present with loudness recruitment, a phenomenon in which the rate of loudness growth with sound intensity is more rapid than normal (e.g., Steinberg and Gardner, 1937; Stevens and Guirao, 1967; Scharf, 1978; Hellman and Meiselman, 1993) . Because wide-dynamic-range compression applies less gain as the input level increases, it can be used to compensate for abnormal growth of loudness. Although wide-dynamic-range compression may counteract loudness recruitment, the percept of inappropriate loudness still remains one of the factors that causes dissatisfaction with hearing aids (e.g., Shi et al., 2007; Blamey and Martin, 2009) , perhaps because mean data, as opposed to individual data, are used when setting the characteristics of wide-dynamic-range compression for individual patients. Most current hearing-aid fitting strategies incorporate consideration of loudness perception in some form. The Desired Sensation Level algorithm aims to produce near-normal loudness growth (Cornelisse et al., 1995) . The National Acoustic Laboratories algorithm aims to maximize the intelligibility of speech without exceeding normal loudness (Byrne et al., 2001) . Cambridge Loudness Equalization aims to amplify speech to provide equal loudness per critical band (Moore et al., 1999) . However, all of these fitting strategies use hearing threshold levels, group average data, and mathematical models of loudness or speech intelligibility to determine gain and output levels. They do not use individual measurements of loudness, in spite of the fact that rate of loudness growth is not always predictable from the degree of hearing loss (Ricketts and Bentler, 1996; Hellman, 1999) . Individual measurements of loudness are not typically used, in part, because of the difficulty in making measurements, as discussed earlier. When measures of loudness are made, they are used to resolve estimates of loudness discomfort level, so that the presentation of uncomfortably loud sounds can be avoided (e.g., Cornelisse et al., 1995) . Most sounds that people listen to, however, are below typical loudness discomfort levels. Characterization of the deviation from normal loudness perception for levels between hearing threshold levels and loudness discomfort level may lead to hearing-aid prescription strategies that ameliorate issues related to loudness perception for the entire dynamic range of hearing. As a first step toward this goal, this study describes an approach that uses individual loudness data to specify the deviation from normal loudness perception as a function of frequency and loudness level. Level-dependent loudness loss specifies the deviation in dB from normal loudness perception for suprathreshold sounds for an individual listener with hearing loss. We will describe the application of level-dependent loudness loss for generating level-dependent gain for a hearing aid. A concept that is similar to level-dependent loudness loss was introduced earlier by Kollmeier et al. (1993) . The current study extends this earlier study and other studies that have proposed hearing-aid fitting strategies using loudness data (e.g., Cox, 1995; Ricketts, 1996) by specifying level-dependent loudness loss for broad regions of the dynamic range of hearing, and for a wide range of frequencies in a large number of participants.
II. METHODS

A. Participants
A total of 148 participants took part in this study. There were 87 (50 female) participants with hearing loss (mean age ¼ 55.0, SD ¼ 17.6, range ¼ 13-75), and 61 (45 female) participants with normal hearing (mean age ¼ 28.9, SD ¼ 10.7, range ¼ 11-53). All participants were assessed using standard audiometry. Pure-tone air-conduction thresholds were measured at octave (0.25, 0.5, 1, 2, 4, and 8 kHz) and inter-octave frequencies (0.75, 1.5, 3, and 6 kHz), while pure-tone bone-conduction thresholds were measured at octave frequencies from 0.25 to 4 kHz. Thresholds were measured in 5-dB steps, following standard clinical procedures. Participants with air-conduction thresholds 15 dB hearing level (HL) at all frequencies were considered to have normal hearing, although the group with normal hearing was divided further into those with thresholds less than 5 dB HL and those with thresholds between 5 and 15 dB HL (see below). Participants with thresholds >15 dB HL at one or more test frequencies were considered to have hearing loss. Participants were excluded from the study if air-bone gaps were >10 dB at any frequency. Middle-ear function was assessed using 226-Hz tympanometry, and participants were included if static compliance was between 0.3 and 2.5 cm 3 and middle-ear pressure ranged from þ50 to À100 daPa. Participants not meeting these criteria were excluded from the study. This study was conducted under an approved Institutional Review Board protocol and informed consent was obtained from all participants.
A subset of the participants (5 with normal hearing and 17 with hearing loss) returned for a second visit and their data were used to assess test-retest repeatability of CLS measurements. The range of time between visits was 2-79 days, with mean ¼ 25.6 and SD ¼ 18.2 days.
B. Equipment
Stimuli for CLS measurements were generated using a 24-bit sound card (Track16, MOTU, Cambridge, MA). The stimuli were routed via a headphone amplifier (HP4, PreSonus, Baton Rouge, LA) and were presented unilaterally to the participant's test ear with a headphone (HD-25-1 II, Sennheiser, Ireland). The headphone amplifier allowed for production of stimulus levels up to 110 dB SPL (the maximum presentation level). The Sennheiser HD-25-1 II headphones do not deliver a flat response up to 8 kHz, but instead provide enhancement for frequencies above 6 kHz. The frequency response of the headphones was measured using a sound level meter (System 824; Larson Davis, Provo, UT) and used to derive SPL corrections that were subsequently applied to the CLS measurements. Custom-designed software (Behavioral Auditory Research Tests, version 2.3.32) was used to control stimulus delivery and record the responses of the participants. In addition to the headphone correction, a correction for the acoustics of the pinna and ear canal was measured using Knowles Electronics Manikin for Acoustic Research (KEMAR, Knowles Electronics, Itasca, IL) and a sound level meter. Although this correction is not a true free-field correction (e.g., Shaw, 1965) , it accounts for most of the frequency responseshaping propagation path of the stimulus, missing only the propagation from external loudspeaker to pinna. This correction facilitates comparison of our loudness measurements to the ISO (2003) standard, and other loudness measurements which were made with a free-field sound source.
C. Measurements and stimuli
The CLS procedure determined the level of pure tones that corresponded to different loudness categories using an adaptive procedure (Brand and Hohmann, 2002; ISO, 2006; Al-Salim et al., 2010) . A total of 11 loudness categories were used, with 7 of these categories assigned meaningful labels ("can't hear," "very soft," "soft," "medium," "loud," "very loud," and "too loud"). The categories were displayed using colored horizontal bars with increasing length from the softest level to the loudest level, as shown in Fig. 1 . The labels used at the boundary categories, "can't hear" and "too loud," are different from those used in the ISO (2006) and the Heeren et al. (2013) study. The ISO recommends "not heard" and "extremely loud," while Heeren et al. used "inaudible" and "too loud." The implications of these differences will be discussed when data are presented. However, it is worthwhile to note that the ISO (2006) is open to the use of different labels for the categories, including symbols. Participants used a computer mouse to click on the category that best matched their loudness perception. Participants were encouraged to use both labeled and unlabeled bars. The CLS procedure included two stages. In the first stage, the dynamic range of the participant was determined by presenting two sequences of stimuli, one sequence ascending in level and the other descending in level. The lower end of a participant's dynamic range was based on the last audible level of the descending sequence, while the upper end was based on the last level of the ascending sequence that was not judged as "too loud." In the second stage, stimuli were presented at 11 levels equally spaced within the participant's dynamic range, and the participant was asked to rate the loudness of the stimuli using loudness categories, as described above. Additional stimulus presentations were made if any two consecutive levels were judged to be >10 CUs apart, in order to better define the shape of the function. The second stage of the CLS procedure was repeated three times using the same levels. Thus, there were a total of at least 33 presentations in the second stage alone. The order of presentation of the stimulus levels within each of the three trials was randomized. The starting presentation level was fixed at 60 dB SPL for participants with normal hearing. For participants with hearing loss, the starting level was half way between their threshold and the maximum presentation level. For the purpose of numerical representation, the 11 loudness categories were assigned CUs from 0 (can't hear) to 50 (too loud) in steps of 5. The pure-tone stimuli were 1000 ms in duration with rise/fall times of 20 ms. Data collection at a single frequency took approximately 3-4 min to complete.
CLS measurements were made monaurally and separately for each frequency. Following a practice run at 1.25 kHz, measurements were made at a total of ten octave and inter-octave frequencies in participants with normal hearing. For all participants with hearing loss, measurements were made at octave frequencies. Additional measurements at inter-octave frequencies were made in participants with hearing loss if their behavioral thresholds at two consecutive octave frequencies differed by 20 dB or more. As a result, some participants with hearing loss contributed data at six frequencies, while others contributed data at as many as ten frequencies. Fewer measurements were made in participants with hearing loss in order to reduce the amount of time required for data collection. For those who participated in repeated measurements, test and retest data were collected on a separate day for the same frequencies that were tested initially.
If both ears met the inclusion criteria for participants with normal hearing, the ear with better hearing was selected for testing. If both ears met the inclusion criteria for participants with hearing loss, the ear with audiometric thresholds in the mild-to-moderate range was tested. For both groups, if the two ears had similar audiometric thresholds, the test ear was selected randomly. Data were collected for only one ear per participant. Overall, data were collected in 49 right and 38 left ears with hearing loss and 33 right and 28 left ears with normal hearing.
D. Data analysis
CLS function
For each participant and at each frequency, CLS data from the three presentations were analyzed to obtain a CLS function (i.e., loudness in CUs as a function of dB SPL). The CLS-function analysis followed the procedure described by Al-Salim et al. (2010) and Rasetshwane et al. (2013) . In this analysis procedure, outliers were removed and the median SPL for each CU was calculated.
1 Two definitions of outliers, applied at different stages of the analysis, were used. In the first stage, data were collapsed across the three presentations and then, for each CU, data that deviated by more than 12 dB from the median SPL for the three presentations were considered outliers and removed from further analysis. The remaining data points were used to obtain a median level for a given CU. Note that, since the median SPL was calculated for each CU, some participants assigned multiple levels to a particular CU and hardly used some other CUs.
The second definition of outliers was intended to make the CLS function monotonic because the perceptual correlate of an increase in stimulus intensity is expected to be an increase in loudness. Thus, the change in level between two successive CUs, when going from low to high CUs, was required to be a minimum of þ1 dB. Any data points that did not meet this requirement were considered outliers and excluded. The first definition of outliers removed 16% of the data and the second definition removed an additional 10% of the data after the first outlier rule was applied. Finally, a CLS function was obtained from the median CLS data by fitting a model loudness function to the data. The model loudness function consisted of two linear functions with independent slopes, one for the portion of the data from 5 to 25 CUs and the other for the portion from 25 to 45 CUs. Justification for this two-segment approach is provided by Al-Salim et al. (2010) and Brand and Hohmann (2002) , in which they observed a break in the slope of the CLS function at 25 CUs. The two-part function was fit to the data using a least-square fit approach, similar to that of Brand and Hohmann (2002) . Data for CU ¼ 0 (not heard) and CU ¼ 50 (too loud) were not used in the fit because the SPLs for these categories are unconstrained. That is, a decrease in the stimulus level below threshold by any amount will still result in a rating of "can't hear." Equivalently, an increase in the stimulus level by any amount above a level that was rated "too loud" would still result in a rating of "too loud." Note that because of the fitting procedure, the CLS function can include dB SPL values that are greater than the maximum output of our sound delivery system (110 dB SPL). Following previous studies (e.g., Anweiler and Verhey, 2006; Al-Salim et al., 2010; Rasetshwane et al., 2013; Heeren et al., 2013; Oetting et al., 2014) , all subsequent analyses were performed on the fitted CLS function.
Data from all participants (normal hearing and hearing loss) were placed into seven categories based on audiometricthreshold levels (dB HL) at each frequency. Grouping the data by audiometric threshold allows us to characterize the effect of hearing loss on CLS and ELCs derived from CLS data. The ranges for the seven groups were À10 to 0, 5 to 15, 20 to 30, 35 to 45, 50 to 60, 65 to 75, and 80 to 90 dB HL. The number of participants contributing data to each threshold category and test frequency is shown in Table I . The column sums for octave frequencies are not all equal to 148 (the total number of participants) because a few participants were unable to complete the study. As expected, there were more participants contributing data to the first two threshold categories, À10 to 0 and 5 to 15 dB HL, in the low frequencies, as some of the participants with hearing loss had thresholds in the normal range at these frequencies. There were also few participants in the last threshold category, 80-90 dB HL, regardless of frequency.
Repeatability
CLS test-retest reliability was assessed by comparing the SPL required to elicit the same loudness perception across two test sessions. This assessment was performed on individual loudness data for the participants who contributed data on two separate visits (5 normal hearing and 17 hearing loss). Reliability was assessed using four metrics; (1) mean (across CUs) of the signed differences (Mean-SgnDiff), (2) standard deviation (across CUs) of the signed differences (SD-SgnDiff), (3) Cronbach's a (Cronbach, 1951) , and (4) standard error of measurement (Sm). Cronbach's a is a coefficient of internal consistency that can be used as an estimate of reliability. Cronbach's a is calculated as
where r 2 X is the variance of the total measurements, r
is the variance of measurement i, and K is the number of measurements. a ranges from 0 to 1, where a value of a ¼ 0 indicates that the measurements are totally unrelated and a value of a ¼ 1 indicates perfect reliability. A value of a ! 0.85 is considered good reliability. Sm is defined as the standard deviation of the measurement error and is calculated as
where a is Cronbach's a, and SD is the standard deviation of the SPLs across participants for a given test condition (e.g., Wagner et al., 2008) . A Sm > 2 dB is considered indicative of significant deviation in the measurements across repetitions because 61.96 Sm is equivalent to the 95% confidence interval. All four metrics were calculated separately for each frequency and participant, with the mean and standard deviation of the differences and the SD in Eq. (2) calculated for each participant. The calculation of the metrics was based on comparison of fitted CLS functions from the test and retest sessions. Because data were not collected at inter-octave frequencies in all participants with hearing loss, reliability was assessed only at octave frequencies, i.e., 0.25, 0.5, 1, 2, 4, and 8 kHz.
CLS to ELC conversion
The process of converting CLS data in CUs to loudness level in phons involves several steps. In the first step, the relationship between audiometric threshold and stimulus level in dB SPL for each loudness category (CU) was determined by considering the data from all participants together. A function was calculated separately for each loudness category by fitting the data with a simple linear regression, resulting in a set of nine representative functions (CU values of 5-45) for each of ten frequencies. For a given frequency, the functions described the relationship between stimulus level in dB SPL and audiometric threshold in dB HL for each of the nine CU values. Each linear fit represents an equal-loudness function with audiometric threshold as the independent variable. Recall that the phon is defined as the loudness level of a 1-kHz tone at some SPL, and that tones of different frequencies equal in loudness to the 1-kHz tone are defined as having the same loudness level (in phons). Thus, the intercepts of these linear fits with 0 dB HL at 1 kHz describe the relationship between stimulus level in dB SPL and loudness in CU for listeners with an audiometric threshold of 0 dB HL; these intercepts define the CU-tophon conversion. Next, by treating CLS as a loudness-matching procedure (i.e., by assuming, for example, that 15 CU at 1 kHz is as loud as 15 CU at 6 kHz), the CU-to-phon conversion function derived for 0 dB HL was applied to convert CLS data at other frequencies from loudness in CUs to loudness level in phons. Our treatment of CLS as loudness-matching procedure follows several previous studies (e.g., Anweiler and Verhey, 2006; Al-Salim et al., 2010; Heeren et al., 2013) . A plot of the levels that correspond to equal-loudness perception as a function of frequency results in ELCs for a group with audiometric thresholds of 0 dB HL. Finally, by evaluating the intercepts of the linear functions relating stimulus level to audiometric threshold with dB HL values greater than zero, and by applying the CU-to-phon conversion function obtained at 0 dB HL, ELCs for different degrees of hearing loss were obtained. We evaluated ELCs that represent 20, 40, and 60 dB HL flat losses. We elected to use linear regression for the CU-to-phon conversion because it allowed us to utilize loudness data from all participants and to exploit the relationship between the SPL associated with a given CLS category and audiometric threshold. If the median or mean associated with a given CLS category was used, the conversion function would be limited to data from only participants with normal hearing. The procedures for converting CLS data to loudness level in phons and for constructing ELCs will be described in greater detail in Sec. III when CLS data are presented.
Level-dependent loudness loss
As described earlier, we define level-dependent loudness loss for listeners with hearing loss as their difference in dB from normal loudness perception. ELCs for 0 dB HL, obtained as described above, were used as the reference for normal loudness perception. The first step in calculating the level-dependent loudness loss for a participant with hearing loss is to construct ELCs for the nine loudness categories corresponding to CUs of 5-45 from their CLS data. Leveldependent loudness loss is then calculated as the dB difference between the ELCs for the individual with hearing loss and the normal-hearing reference for matched CUs. Audiometric thresholds for the participant with hearing loss were also included as part of the description of leveldependent loudness loss because these thresholds can be interpreted as representing the deficit from normal loudness perception for just audible sounds. For this purpose, 0 dB HL is considered as normal hearing. Our characterization of level-dependent loudness loss may be interpreted as the gain that needs to be applied as a function of frequency and level (or loudness category) to achieve normal loudness perception for tones.
III. RESULTS
A. Repeatability
One aim of this study was to evaluate the test-retest reliability of CLS measurements on an individual basis. To achieve this aim, four metrics-(1) mean of the signed differences (Mean-SgnDiff), (2) standard deviation of the signed differences (SD-SgnDiff), (3) Cronbach's a, and (4) standard error of measurement (Sm)-were analyzed in terms of their cumulative distributions. Recall that the calculations of Mean-SgnDiff, SD-SgnDiff and Cronbach's a were based on data from the test and retest data for each individual participant. The SD used for the calculation of Sm [see Eq. (2)] was calculated across participants, separately for each frequency and loudness category (CU). The resulting Sm was then averaged across CUs. The metrics are shown in Fig. 2 in separate panels, as indicated by the abscissa labels. For each metric, separate cumulative distributions are shown for each octave frequency (solid lines), together with a cumulative distribution that is based on data from all frequencies (dashed line). Across all frequencies, the Mean-SgnDiff had an interquartile range (IQR) of À3.57 to 2.88 dB (mean ¼ À0.53, SD ¼ 5.00 dB), SD-SgnDiff had an IQR of 2.04 to 5.36 dB (mean ¼ 4.22, SD ¼ 2.88 dB), and Cronbach's a had an IQR of 0.98 to 1 (mean ¼ 0.98, SD ¼ 0.02). In fact, the smallest value of Cronbach's a was 0.86 (at 4 kHz) and is greater than the critical value of 0.85, which is considered the criterion for reliable data. Across all frequencies, Sm had an IQR of 0.57 to 1.42 dB, (mean ¼ 1.10, SD ¼ 0.79 dB). The cumulative distributions for the different frequencies were similar for each metric indicating that there was general consistency in reliability across frequency. For the analysis with data collapsed across frequency, Cronbach's a indicated that every participant produced reliable CLS data, as all values of a were greater than the critical value of 0.85. In contrast, the Sm suggested that 11.5% of the participants did not have reliable data, with Sm > 2, for these participants. Figure 3 shows median CLS functions for the seven audiometric-threshold (hearing-loss) groups with data for a different frequency represented in each panel. The parameter in each panel is hearing-loss category (in dB HL), as indicated in the insets in the rightmost column. The CLS functions had shallow portions from near threshold to moderate levels and then steep portions at higher stimulus levels, which is typical of CLS functions (e.g., Ricketts and Bentler, 1996; Garnier et al., 1999b; Brand and Hohmann 2001; Al-Salim et al., 2010) . As hearing-loss magnitude increased, the overall slopes of the CLS functions became steeper, demonstrating a reduction in dynamic range. This pattern was observed at all frequencies. Also, the shapes of these CLS functions for a particular hearing loss category were similar across frequency. The greatest differences among hearing-loss categories were observed for low-level inputs, and decreased as input level increased. That is, degree of hearing loss had a larger impact on loudness perception at low levels, compared to the impact at higher levels. This pattern is consistent with previously described CLS functions from participants with normal hearing and hearing loss (e.g., Ricketts and Bentler, 1996; Garnier et al., 1999b; Al-Salim et al., 2010) and previous demonstrations of loudness recruitment (e.g., Steinberg and Gardner, 1937; Stevens and Guirao, 1967; Scharf, 1978; Hellman and Meiselman, 1993) . That is, loudness perceptions for high-level stimuli were less dependent on threshold, compared to loudness perceptions for low-level stimuli. It is interesting to note that although the CLS functions for the À10 to 0 and 5 to 15 dB HL categories were similar; they were not identical, with the data from the 5-15 dB HL category shifted slightly to the right (i.e., higher stimulus levels). Thus, even within the range of normal hearing, differences were observed in loudness perception related to threshold.
B. CLS and ELC
To provide a sense of the amount of variability in CLS data, Fig. 4 shows the interquartile range (IQR, darker shading) and the 5th to 95th percentile range (lighter shading) of CLS functions at 1 kHz for six different hearing-loss categories. The median CLS functions are shown using black solid lines. Data for the 80-90 dB HL category are not shown because data from only one participant was available in this category, and thus variability cannot be calculated. Likewise, the apparently reduced variability for the 65-75 dB HL group should be viewed cautiously, as the number of participants contributing data to this condition was small (N ¼ 5; see Table I ). The IQR of the CLS functions for the two categories that are within the normal range (i.e., À10 to 0 dB HL and 5 to 15 dB HL) varied from 13 to 21 dB and 10 to 18 dB, respectively. This amount of variability was slightly less than previously reported at 1 kHz for participants with normal hearing (e.g., Heeren et al., 2013; ISO, 2006) . Specifically, Heeren et al. (2013) reported CLS functions with an IQR that varied from approximately 20 to 26 dB, and the IQR for ISO 16832 varied from approximately 20 to 28 dB. 2 The IQR for our CLS functions were unchanged when the data were re-analyzed without removal of outliers, perhaps because of the large dataset.
3 Therefore, removal of outliers did not have an effect on the CLS data when analyzed for the entire population. However, outliers affect individual participant data, as they can result in a nonmonotonic CLS function. Figure 5 plots the median stimulus level in dB SPL of the CLS functions as a function of audiometric threshold in dB HL with each curve representing a particular CU, as indicated by the insets in the rightmost panels. Data for different frequencies are shown in separate panels. While only medians of the CLS functions are plotted as symbols (for ease of visualization), the lines within each panel represent linear fits to the individual CLS functions for each of nine loudness categories (i.e., CU of 5-45). Because each linear fit within a panel represents the level necessary for a specific loudness category, each line can be viewed as an equalloudness function. The slopes of these functions are steepest for soft sounds (i.e., at low CUs), decreasing in slope as loudness increases (i.e., at high CUs). The effect of audiometric threshold on stimulus level for equal loudness decreased as loudness increased (e.g., the slope of the line for CU ¼ 45, top line in each panel, is close to zero). This means (not unexpectedly) that high input levels result in similar loudness judgments regardless of audiometric threshold. Similar patterns were observed at all frequencies. The analysis of Fig. 5 extends the analysis of Al-Salim (2010; see their Fig. 6 ), by including more frequencies and a larger sample of participants.
The linear functions are calculated as part of the first step in the conversion of CLS data in CUs to phons, as described Sec. II. The intercepts of the regression lines with 0 dB HL at 1 kHz were used to derive a CU-to-phon conversion function. This conversion function is shown in Fig. 6 , where circles show the median loudness level in phons that corresponds to CUs of 5 to 45. Recall that phons are defined as the intensity in dB SPL of an equally loud 1 kHz tone. Thus, the ordinate of dB SPL at 1 kHz. Figure 6 also compares our CU-to-phon conversion function to that of Heeren et al. (2013) , derived from their median CLS function at 1 kHz (dashed line). The current conversion function is similar to that of Heeren et al. The two functions are similar despite the fact that the labels used at the boundary categories differed. This suggests that the difference in the labels did not have an effect on the data.
Using the CU-to-phon conversion shown in Fig. 6 , SPLto-phon conversion functions were developed at other frequencies and plotted in Fig. 7. Figure 7 plots loudness level in phons as a function of stimulus level in dB SPL, with frequency as the parameter. The dashed diagonal line has a slope of one and represents the function relating loudness level in phons to absolute level in dB SPL at 1 kHz for a listener with an audiometric threshold of 0 dB HL. The leftmost panel shows the conversion function for the 0 dB HL (i.e., normal hearing) group. As expected, our conversion function at 1 kHz for this group matches the ideal function for a listener with an audiometric threshold of 0 dB HL. The slopes of these functions are similar, suggesting that loudness level grows at similar rates for a wide range of frequencies in participants with normal hearing. There is a 20-dB range in intercepts with the abscissa, with the function for 0.25 kHz having the largest shift (to the right) from the dashed diagonal line. The difference in intercepts reflects the dependence of threshold on frequency for individuals with normal hearing. Figure 7 also shows the SPL-to-phon conversion functions for the groups with hearing loss, i.e., audiometric thresholds of 20, 40, and 60 dB HL (again, with frequency as the parameter within each panel). These functions were derived from the regression lines shown in Fig. 5 by solving for the dB SPL at which these lines intercept 20, 40, and 60 dB HL, and then applying the CU-to-phon conversion shown in Fig. 6 . As hearing loss increased, the SPL-to-phon conversion functions became steeper, which is consistent with loudness recruitment. There was a change in slope of the SPL-to-phon conversion functions for the 40 and 60 dB HL groups that occurred around 90 dB SPL for the 40 dB HL group and around 95 dB SPL for the 60 dB HL group. This change of slope was also present in the 20 dB HL group, although it is not easily visualized in the figure. The shallower slope at high levels indicates that loudness level grows at a faster rate at low SPLs than at high SPLs. Note also that the differences among hearing-loss groups occur for low-level inputs, with more similar results for high-level inputs, which is an inevitable outcome, given the results shown in Figs. 3 and 5. The 20-dB range in intercepts with the abscissa that was observed in the SPL-to-phon conversion functions for the group with normal hearing is also present in the functions for the group with hearing loss, again with the function for 0.25 kHz having the largest shift (to the right) from the dashed diagonal line.
The functions shown in Fig. 7 can be used to generate ELCs, which are plots of level (dB SPL) as a function of frequency with loudness level in phons as the parameter. This is accomplished by determining values of the level in dB SPL where these functions intercept a specific loudness level in phons. Plotting the level (dB SPL) as a function of frequency produces an ELC for that specific loudness level (phon).
ELCs were constructed for loudness levels of 20-100 phons in 10-phon steps, and are shown in Fig. 8 indicating that loudness level grows more rapidly as audiometric threshold increases. The vertical spacing of the ELCs is relatively constant across frequency for threshold groups of 0, 20, and 40 dB HL, indicating that loudness level grows at approximately the same rate for all frequencies once threshold is taken into account. The ELCs for the 60 dB HL group are more closely spaced at low frequencies and at 8 kHz, suggesting that loudness grows more rapidly at these frequencies.
For comparison purposes, the ELCs for the 0 dB HL group [ Fig In general, the current contours are more similar to those of Heeren et al. at mid-frequencies (1-3 kHz) than to the ISO contours. Another noteworthy difference between the CLS-measured ELCs and the ISO ELCs is that the former contours had a spacing that was more uniform across frequency, while the ISO contours had narrower spacing at low frequencies.
C. Level-dependent loudness loss Figure 10 shows examples of level-dependent loudness loss for six participants with varying degrees and configurations of hearing loss. As described earlier, level-dependent loudness loss is calculated as the dB difference between the ELCs for the individual with hearing loss and the ELCs for normal hearing for matched CUs. For ease of visualization and to avoid clutter, loudness loss, compared to normal loudness perception, is shown only for three loudness categories ("very soft," "medium," and "very loud"). However, loudness loss can be obtained for any loudness category. Also shown in the figure are audiometric thresholds. The ordinate label in this case can be viewed as dB HL, as threshold and loudness loss are both based on comparisons to data from listeners with thresholds of 0 dB HL. The values plotted in Fig. 10 can also be viewed as the gain (in dB) that would be required to restore normal thresholds and normal loudness for these three loudness categories. These participants had greater loss at threshold and for soft sounds, indicating that more gain would be required to achieve a normal response for low-level inputs. In contrast, deviations from normal were reduced as loudness increased to the point that there was little or no loudness loss for "very loud" sounds (CU ¼ 45). In fact, some participants (notably participants E and F) would not require gain at most frequencies for very loud sounds. The loudness-loss functions for these participants were occasionally equal to or less than zero, indicating that they perceived high-level stimuli as being louder than the perceived loudness for listeners with normal hearing for the equivalent input level. This observation may suggest that these participants are sensitive to loud sounds, although the extent to which these results were influenced by individual variability is not known. 
IV. DISCUSSION
This study reassessed the test-retest reliability of CLS measurements, described CLS functions for both listeners with normal hearing and hearing loss, converted CLS data from loudness in CUs to loudness level in phons, constructed ELCs from the CLS data after conversion to phons, characterized the impact of hearing loss on derived ELCs, and presented an approach that uses CLS data to specify leveldependent loudness loss. Assessment of reliability was performed on individual data, instead of group data, as was the case in most previous studies. Repeatability of CLS measurements on an individual basis is important if the measurements are to be adopted for clinical use. For the analysis with data collapsed across frequency, Cronbach's a indicated that every participant produced reliable CLS data, as all values of a were greater than the critical value of 0.85. In contrast, the Sm suggested that 11.5% of the participants did not have reliable data, with Sm > 2, for these participants. The reason for this discrepancy is that the Sm accounts for the variability across participants, as the SD across participants is included in its calculation [see Eq. (2)], while Cronbach's a as used here does not account for the variability across participants. Overall, the present results suggest that CLS data are reliable, as differences in SPL between sessions for most participants were within acceptable limits (according to the four metrics used in this paper to assess reliability). There was consistency in reliability across frequency.
Several studies have evaluated the reliability of CLS measurements (Robinson and Gatehouse, 1996; Cox et al., 1997; Rasmussen et al., 1998; Al-Salim et al., 2010) , but focused on group data, instead of data from individual participants. For this reason, we had to convert our individual participant data to group data in order to compare the present results to those of the earlier studies. In the earlier studies, reliability was typically assessed using mean and SD (both across loudness categories and participants) of signed differences. Figure 11 compares the Mean-SgnDiff (top panel) and SD-SgnDiff (bottom panel) of the present study (both calculated across CUs and participants) to results from Robinson and Gatehouse (1996) , Rasmussen et al. (1998) and AlSalim et al. (2010) . At frequencies for which data existed in multiple studies, the present magnitudes of Mean-SgnDiff were similar to those reported by others except at 0.5 kHz, where our value of Mean-SgnDiff was larger. The bottom Rasmussen et al. (1998; hourglass) and Robinson and Gatehouse (1996; asterisk) . The top panel shows the mean across participants of the mean signed differences (Mean-SgnDiff) and the bottom panel shows the mean of the standard deviation of the signed differences (SD-SgnDiff). For reference, MeanSgnDiff ¼ 0 dB is indicated in the top panel using a dotted line.
panel of Fig. 11 shows that the values of SD-SgnDiff reported by Al-Salim et al. (2010) were larger than values from the other three studies, including our study, at frequencies that were common among studies. Overall, the CLS data reported in the present study demonstrate reliability that is similar to previous reports. However, our assessment of the reliability of group data is limited by our small sample size. Recall that test-retest data were only collected in 22 of the total 148 participants. It is of some interest that the frequencies for which the variability was greatest (0.25 and 0.5 kHz) are frequencies for which hearing loss is less common, compared to higher frequencies. For the higher frequencies for which hearing loss is more frequently encountered, less variability was observed. Efforts to further reduce individual variability may be necessary in order to optimize the clinical utility of the measurements.
It is possible that the time interval between test sessions may have influenced the repeatability of the CLS measurements. Since CLS is a behavioral procedure, one might assert that as the amount of time between test sessions increased, the responses of the participants became less reliable. To assess this possibility, the reliability of CLS measurements was assessed as a function of days between test sessions, which ranged from 2 to 79 days (mean ¼ 25.6 days, SD ¼ 18.2 days). For this analysis, the amount of variance explained by the days between test sessions was calculated for each metric and at each frequency using the R-statistic. The amount of variance explained by the days between test sessions ranged from 0.1% to 17.5% for Mean-SgnDiff, 0% to 1.7% for SD-SgnDiff, 0% to 5.6% for Cronbach's a, and 0% to 1.7% for Sm. These values represent up to a medium effect size for Mean-SgnDiff and small effect sizes for the other three metrics (Cohen, 1992) . However, none of the values of the R-statistic were statistically significant with p > 0.05 for all metrics and all frequencies. That is, there was no more than weak correlation between the reliability of the CLS measurements and amount of time between measurements. This is an encouraging observation, in that improvements in the measurement paradigm might be expected to reduce variability, and once variability is reduced, CLS results should be more stable over time.
CLS functions for individuals with normal hearing showed a shallow slope for low-to-moderate input levels and a steep slope for high input levels (Fig. 3 ). For individuals with hearing loss, the input level resulting in the softest loudness (smallest CUs) shifted to higher levels as hearing loss increased, reflecting threshold loss. Consequently, the slope of the CLS functions for low-to-moderate input levels became steeper as the degree of hearing loss increased. However, the slope of the function for high-level inputs was stable regardless of threshold. Stated another way, participants with normal hearing and those with hearing loss judged high-level inputs as equally loud. For the participants with thresholds of 65-75 dB HL and 80-90 dB HL, there was no obvious break point between low-and high-level segments in the CLS function, resulting in a slope that was uniform regardless of loudness. It is important to recall that most of the participants in this study had no worse than a mild-to-moderate hearing loss. With the exceptions of 4 and 8 kHz, there were few participants with hearing loss exceeding 60 dB HL at any frequency (see Table I ). To a first approximation, it may be reasonable to assume that the hearing losses for the majority of participants were due to outer hair cell dysfunction (e.g., Liberman and Dodds, 1984) . In humans, it is difficult to quantify the proportions of sensory cell loss (inner vs outer hair cells). However, in psychophysical studies in which attempts were made to quantify the proportion of the hearing loss that could be attributed to inner and outer hair cell dysfunction, (e.g., Lopez-Poveda and Johannesen, 2012; Johannesen et al., 2014) , the majority (60%-70%) of the loss was attributed to outer hair cell dysfunction. With greater degrees of hearing loss (and, presumably damage to inner hair cells), there might be less peripheral output, and perhaps decreases in loudness perception, compared to listener with normal hearing for high-level sounds. CLS measurements in participants with no worse than mild-to-moderate hearing loss perhaps provide a reference for future work, in which these same techniques are applied with participants having greater degrees of hearing loss.
The changes in the CLS functions with hearing loss observed in the present study were expected and similar to previous reports (e.g., Ricketts and Bentler, 1996; Garnier et al., 1999b; Brand and Hohmann, 2001; Al-Salim et al., 2010) . In combination, these results demonstrate that CLS data are capable of showing loudness recruitment, like other measures of loudness (e.g., Steinberg and Gardner, 1937; Stevens and Guirao, 1967; Scharf, 1978; Hellman and Meiselman, 1993) . Interestingly, a threshold-dependent difference in perceived loudness was also evident even within the two categories with audiometric thresholds typically considered to be within the normal range (i.e., À10 to 0 and 5 to 15 dB HL), with individuals having higher thresholds requiring higher input levels for equivalent loudness judgments. This finding has little clinical significance, as intervention would not be considered for individuals with thresholds within these ranges; however, it does demonstrate that loudness is a graded function of threshold, even within the normal range of hearing. This finding is consistent with the observation that distortion-product otoacoustic emissions levels decrease as threshold increases from À5 dB HL to 20 dB HL (Dorn et al., 1998) . Thus, it would be incorrect to assume that all listeners with thresholds less than or equal to 20 dB HL have equivalent cochlear function.
The observation that the loudness percepts of participants with normal hearing and hearing loss differed more at low input levels than at high input levels is consistent with other data comparing responses in individuals with normal hearing and hearing loss. This pattern has been previously observed in loudness data (Steinberg and Gardner, 1937; Stevens and Guirao, 1967; Scharf, 1978; Hellman and Meiselman, 1993) and masking data (e.g., Oxenham and Plack, 1997; Nelson and Schroder, 1997; Lopez-Poveda and Johannesen, 2012; Johannesen et al., 2014) . The pattern is also evident in objective measures of cochlear function in humans. For example, distortion-product otoacoustic emission suppression tuning curves from listeners with normal hearing and listeners with mild-moderate hearing loss are similar when high-level probes (i.e., the level of f2) are presented to both groups (Gruhlke et al., 2012) .
Like many other tasks that require a voluntary response from the participant, CLS measurements may not be possible in infants, young children, patients with developmental disabilities, and adults with cognitive disorders. Under these circumstances, previous measurements of distortion-product otoacoustic emissions and CLS in the same participants suggest that distortion-product otoacoustic emissions measurements may be used to predict the loudness function (Thorson et al., 2012; Rasetshwane et al., 2013) .
Following Heeren et al. (2013) , we converted CLS data from loudness in CUs to a more standard measure of loudness level (phon). This conversion involves two steps. The first step uses data at 1 kHz and the definition of phon to derive a CU-to-phon conversion (Fig. 6) . The second step views CLS as a loudness-matching procedure and uses the dependence of loudness on hearing loss (see Fig. 5 ) to derive SPL-to-phon conversion functions for other frequencies and for different hearing losses. As hearing loss increased, the SPL-to-phon conversion functions became steeper (Fig. 7) . Comparisons of the SPL-to-phon conversion functions derived for 0, 20, 40, and 60 dB HL show that, for the same loudness level, the differences in stimulus level are largest at low levels and these differences increase as hearing loss increases, and decrease as level increases. At the lowest stimulus levels, the displacement of the SPL-to-phon conversion function for 1 kHz for the group with hearing loss is approximately equal to the hearing loss (in dB HL) for that group, consistent with the observations of Steinberg and Gardner (1940) .
Our motivations for converting CLS data to loudness level in phons were to allow for the construction of ELCs and to permit comparison to previous data. In comparison to ELCs from participants with normal hearing, the vertical spacing of the ELCs decreased as magnitude of the hearing loss increased (Fig. 8) . The steep slopes of the CLS functions and the reduced spacing between ELCs are manifestations of abnormally rapid growth of loudness and provide evidence that CLS data are capable of showing loudness recruitment, which can also be viewed as a demonstration of reduced cochlear compression.
ELCs constructed from CLS for participants with normal hearing are consistent with previously reported data for loudness level (e.g., ISO, 2003; Suzuki and Takeshima, 2004; Heeren et al., 2013) ; however, differences were observed. Compared to the normal ISO contours (see Fig. 9 ), the current contours were higher in the low frequencies for 60 phons and above. That is, the spacing of the present contours was more uniform across frequency, while the ISO contours had narrower spacing at low frequencies. The narrower spacing of the ISO contours at low frequencies has been suggested to indicate that the auditory system is overall less compressive at low frequencies (Suzuki and Takeshima, 2004) , a fact that is consistent with other experimental measures of responses of the auditory system (e.g., Delgutte, 1990; Lopez-Poveda et al., 2003; Gorga et al., 2011) . The wider spacing in the contours at low frequencies in our measurements, as well as in other CLS-derived ELCs (Heeren et al., 2013; Allen et al., 1990) , suggests that CLS measurements may not be as sensitive to differences in compressive behavior when compared to traditional measures of loudness. Another difference between the present contours and the ISO contours is that loudness matching for CLS was performed after the fact by assuming equality of loudness for equal CUs. We did not use the paired-comparison technique in which listeners adjust the level of a test signal to match the loudness of a reference signal that was used to obtain the ISO data. In support of this view, it has been shown that in loudness matching, the loudness function observed when the level of the reference tone was varied differed from the function that was observed when the level of the test tone was varied (Suzuki et al., 1989) . Thus, although there is general agreement, there are small differences among reported ELCs from participants with normal hearing. Another limitation of our CLS-derived ELCs when compared to the ISO ELCs is sample size. Although the current study included 148 participants, the ISO ELCs included a larger sample size since they were based on data from multiple studies.
The level-dependent loudness loss (Fig. 10 ) provides a characterization of auditory function for suprathreshold sounds. This representation may be useful for hearing-aid gain prescription. Not surprisingly, in this representation, hearing loss for suprathreshold sounds shows the greatest amount of loss (i.e., deviation from normal) for soft sounds, and less loss for loud sounds. This indicates that, for low-level inputs, more gain would be needed to reach a normal perception of loudness. The perceived loudness for high-level sounds deviates less from normal and, as a result, less gain would be required to restore normal loudness. The notion that gain should be reduced as input level is increased is not new, and, in fact, underlies the use of wide dynamic range compression in hearing aids (e.g., Cornelisse et al., 1995; Byrne et al., 2001 ). The present approach, however, can be used to describe the gain to achieve normal loudness for essentially all input levels and it provides a framework for doing it on an individual basis. This may be important because participants with similar audiometric thresholds may have different loudness-loss functions. For example, participants A and B (Fig. 10) have the same thresholds at 0.5, 1, and 2 kHz (35, 55, and 55 dB HL, respectively), but they have loudness losses for the categories shown in this figure that differ by more than 10 dB. This suggests that, while the use of average data is informative, it may not be possible to predict loudness loss from audiometric thresholds on an individual basis, and further provides support for the use of suprathreshold measures, such as loudness, for hearing-aid fitting. Given the variability in loudness percepts for patients having the same audiometric thresholds, such individualization has the potential to lead to customized signal-processing approaches and, in turn, greater listener satisfaction with amplification.
Our level-dependent loudness loss is an extension of previous approaches for fitting hearing aids using loudness measurements (e.g., Kollmeier et al., 1993; Cox, 1995; Ricketts, 1996) . We extended these previous studies by specifying level-dependent loudness loss for broad regions of dynamic range of hearing, for a wide range of frequencies, and in a large number of participants.
The loudness-loss functions for softer sounds can be less than that for louder sounds for some participants (e.g., the loudness-loss function for "medium" loudness was less than that for "very loud" loudness at 0.25 and 0.5 kHz for participant C in Fig. 10 ). These observations were unexpected. Additionally, the loudness-loss functions were occasionally equal to or less than zero for some participants, indicating that these participants with hearing loss perceived high-level stimuli as being louder than the perceived loudness for a listener with normal hearing for the equivalent input level. These observations may be indications of hyperacusis, i.e., sensitivity to loud sounds (e.g., Anari et al., 1999; Formby et al., 2003) , or they may suggest that there is residual measurement error and that there is a need for improvements to our methods of estimating level-dependent loudness loss on an individual basis.
Interaural attenuation can play a role in loudness judgments if there is a significant difference in audiometric thresholds between a participant's ears. In the current study, if both ears met our inclusion criteria for participants with hearing loss, the test ear was selected as the ear with thresholds in the mild-to-moderate range. In most cases, this was the better ear. However, because the measurements were made at multiple frequencies and in the same ear for all frequencies in each participant, there were instances where measurements were not made in the better ear. Of the total 504 measurements made in participants with hearing loss (see Table I ), only two measurements, from two different participants, were made in the worse ear when the interaural difference was !40 dB (specifically, 45 dB for both measurements). Thus, the stimulus in the test ear might have crossed to the non-test ear and influenced loudness judgments for these two measurements. However, the overall impact of interaural attenuation on the findings of this study is small since these measurements represent only 0.4% of the total data.
V. CONCLUSIONS
The observed CLS test-retest reliability supports its use in the assessment of hearing status in relatively untrained listeners. The ELCs derived from CLS measurements are in good agreement with standard ELCs (ISO, 2003) . The conversion of CUs to phons is recommended because it facilitates comparison of CLS measurements to traditional measures of loudness level and may therefore lead to a wider acceptance of CLS. Individual estimates of level-dependent loudness loss have the potential to provide a prescription for fitting hearing aids that is more informative than audiometric thresholds.
